Establishing requirements for the survival of human immature B cells in vitro has proved elusive. In this article, we report prolonged survival of B-lineage leukemic cells on 'feeder layers' of bone marrow (BM)-derived stromal cells in a serum-free environment. In 15 of 18 cases of B-lineage acute lymphoblastic leukemia (ALL), there was a greater than 50% decrease in the number of viable cells after 72 hours of culture in medium alone. Cell loss was preceded by molecular and cellular changes characteristic of programmed cell death, or apoptosis, and was not suppressed by adding interleukin-7 t o the tissue culture medium. By contrast, the use of allogeneic BM stromal cells as feeder layers prevented apoptosis in 10 of 12 cases of ALL, leading t o extended survival of the blast cells. This method was not successful when the allogeneic marrow cells were replaced with established cell lines. In six of eight cases in which the numbers of intact CD19+ lymphoblasts were counted by flow cytometry NOWLEDGE of the tissue culture conditions capable K of sustaining hematopoiesis has contributed importantly to the study of regulatory factors in this process.1,2 Reproducible colony assays for myeloid, erythroid, and megakaryocytic cells have been available for several years, but the standardization of methods suitable for maintaining B-lineage acute lymphoblastic leukemia (ALL) cells and their normal equivalents in vitro has been a challenging and not yet fully accomplished task.3
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In some cases, the addition to the tissue culture medium of purified factors, such as low molecular weight B-cell growth factor (LMW-BCGF) or recombinant cytokines, such as IL-7 and/or IL-3, has been reported to increase colony formation, thymidine incorporation, or b0th.8-I~ In those experiments, however, cell counts often decreased precipitously, despite apparently vigorous DNA syntheThus, although these methods have led to the identification of some factors that may interact with leukemic blasts, the minimal requirements for survival of leukemic lymphoblasts in vitro remain to be defined.
Long-term survival and expansion of normal murine and human hematopoietic progenitors appears to depend on the presence of bone marrow (BM) stromal cell^.^^-^^ Murine B-cell progenitors require BM stromal cells to expand in the culture system developed by Whitlock and Witte16; no equally successful technique has been standardized for human B cells: although BM stromal cells may be necessary to support the generation of CD19+ BM cells17 and the formation of human BM B-cell colonies.18 Whether or not stromal cells can support the in vitro survival of blast cells from cases of B-lineage ALL has not been thoroughly investigated. Of particular interest are the survival requirements of ALL subtypes: are they similar or do they differ according to properties of the blast cells?
We have observed that when B-lineage ALL cells are placed in culture, signs of programmed cell death, or apoptosis,19 become rapidly apparent in most cases. Consequently, we tested several approaches to blocking this process and found that it could be prevented by seeding leukemic blasts onto BM-derived stromal cells in a serumfree medium. We report here results showing the reproducibility of this method for maintaining B-lineage ALL cells in vitro.
BM STROMA SUPPORTS B-LINEAGE ALL
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dyl transferase (TdT); in 17 of 18 cases, greater than 20% of blasts were CDlO+, and in 8 of 18 they expressed cytoplasmic i .~ heavy chains (Table 1) . Mononuclear cells were collected after centrifugation on a density gradient (Lymphoprep; Nycomed, Oslo, Norway) and washed three times in phosphate-buffered saline (PBS) and once in AIM-V medium (GIBCO, Grand Island, Ny, Cat. No. 320-2055AJ). Fresh leukemic cells were placed in culture within 4 hours from collection. In some experiments, cryopreserved samples were used immediately after thawing ( Table 1 No. 380-144OAJ); both tissue culture media were supplemented with FCS, L-glutamine, and antibiotics. Cell lines were kept in an incubator set at 37°C and 5% COz with 90% humidity. For the experiments described below, cells were detached with trypsin and distributed in 24-well tissue culture plates as above. In some experiments, the cells in the plates were irradiated with a '37cesium source at 2,000 cGy (750 cGy/min). After irradiation, the cells were kept in an incubator as above until the experiments were performed.
Immediately before initiating the experiments, we removed the media of the BM stroma, W18Va2, For personal use only. on July 9, 2017. by guest www.bloodjournal.org From by vigorously pipetting and scraping the bottoms of wells with a plastic pipette. The lack of residual cells in the wells was always confirmed by observation with an inverted microscope. After one wash in PBS, the cells were passed through a 19-gauge needle to disrupt clumps observed in the samples containing fibroblasts or BM stromal cells and washed once again in PBS.
In this study we used the assay described by Sellins and Cohen,25 with minor modifications. Mononuclear cells (0.5 to 2 X lo6) were centrifuged at 5oOg for 10 minutes. The cell pellet was lysed by adding 0.5 mL of hypotonic lysing buffer (10 mmol/L Tris, pH 7.4; 1 mmol/L EDTA, 0.2% Triton X-loo), followed by gentle mixing. The lysates were immediately centrifuged at 11,000g for 10 minutes to separate intact from fragmented chromatin. Supernatants and pellets were precipitated in separate microfuge tubes for 16 to 48 hours at -20°C in 50% isopropanol and 0.5 mol/L NaCl. The precipitates were pelleted by centrifugation at 11,00$ for 10 minutes, air dried, resuspended in TE buffer (10 mmol/L Tris, pH 7.4; 1 mmol/L EDTA), and heated at 55°C for 10 minutes. The loading buffer (15 mmol/L EDTA; 2% sodium dodecyl sulfate; 50% glycerol; 0.5% orange G) was added to the samples at a 1:s (vol:vol) ratio, and the mixture was heated at 65°C for 10 minutes. The samples and the molecular size marker (123-bp DNA ladder; GIBCO BRL, Gaithersburg, MD) were loaded into the dry wells of a 1.5% agarose gel and subjected to electrophoresis for 30 minutes at 20 V, followed by addition of TBE buffer (0.09 mol/L Tris borate; 0.002 mol/L EDTA) until the gel was completely immersed. Electrophoresis was continued for 3 hours at 20 V. Subsequently, the gels were incubated in TBE buffer containing DNase-free RNase A (Boehringer Mannheim Corp, Indianapolis, IN; Cat. No. 109142; 20 pg/mL) at 37°C for 3 hours to digest RNA, stained with ethidium bromide (2 pg/mL) for 15 minutes, washed, and photographed. In this DNA fragmentation assay, intact chromatin and oligonucleosomal fragments are separated by centrifugation. Therefore, in the absence of apoptosis, the gel lane with the corresponding supernatant DNA appears empty. By contrast, the slot for the corresponding pelleted DNA appears extremely bright after ethidium bromide staining.
To establish the sensitivity of this method, we exposed CEM-C7 ~e l l s , *~, *~ obtained from Dr Melnycovych (VA Medical Center, Kansas City, MO), to dexamethasone (Sigma; Cat. No. D4902) at a final concentration of mol/L for 48 hours and mixed them with different proportions of CEM-C7 cells not treated with steroids. We observed that DNA fragments of multiples of 180 bp were clearly visible when at least 30% of CEM-C7 cells exposed to steroids was present in the mixture. The intensity increased when higher proportions of such cells were present. Cells harvested as above after different times of culture were washed three times in PBS containing 0.2% bovine serum albumin and 0.2% sodium azide (PBSA). 
RESULTS
Leukemic cells from most cases of B-lineage ALL die of apoptosis in vitro. When samples of B-lineage ALL were placed in serum-free tissue culture medium, more than 50% of the viable (trypan-blue negative) cells were lost by 72 hours of culture in 15 of the 18 cases studied. This loss was paralleled by a drastic reduction of CD19+ cells with the light-scattering properties of the corresponding diagnostic sample, as determined by flow cytometry. In the remaining three cases (nos. 9, 14, and 18, Table l), greater than 99%, 55%, and 95% of cells were viable after 72 hours, respectively.
The disappearance of viable leukemic cells was preceded by molecular and cellular changes characteristic of apoptosis.19 First, the DNA fragmentation assay, performed after 24 to 72 hours of culture, showed the typical 'ladder' of multiples of 180-bp fragments in cases with losses of viable cells (Fig 1) . The intensity of the ladder was similar or higher to that observed when analyzing preparations containing 30% to 50% of steroid-treated CEM-C7 cells admixed with cells cultured without dexamethasone (see Materials and Methods). By contrast, no DNA fragmentation was seen in one sample in which the numbers of viable cells did not decrease with time in serum-free medium. Second, progressive changes in the cells' morphologic features-such as a decreased nuclear/cytoplasmic ratio, chromatin condensation, and nuclear fragmentation-were seen after Wright-Giemsa staining (Fig 2) . Third, changes in the cells' light-scattering properties (eg, a lower forward light scatter and a higher side scatter, indicating a smaller size and a higher granularity) were also consistent with apoptosis (Fig 3) .=rZ9
Human BM-derived stromal cells prevent apoptosis of B-lineage leukemic cells. In most instances, apoptosis appeared to be completely abolished by placing the leukemic cells on allogeneic BM stromal cells. In 10 cases (nos. 1,2,4 through 8, 10, 11, and 15, Table 1 ) of the 12 studied, there was no evidence of DNA fragmentation (Fig 1) or morphologic signs of apoptosis after 24 to 72 hours of culture, in contrast to findings in the corresponding control samples. In two samples (nos. 12 and 13, cells, the light-scattering properties of the leukemic cells in the diagnostic sample were retained throughout the culture (Fig 3) . In six of eight cases studied, the fraction of intact CD19+ lymphoblast recovered after 7 days of culture in the presence of BM stromal cells ranged from 68.8% to 124.7% (median, 95.3%) of those originally seeded ( Table 2 ). The intensity of CD19 staining was either identical or slightly higher than that measured at diagnosis. These results contrasted sharply with findings in the absence of BM stromal cells, ie, only 0.3% to 15.9% of cultured cells (median, 0.7%) could be recovered (Table 2 ). CD19 labeling in the remaining cells was notably less intense than at diagnosis. In two hyperdiploid cases (nos. 12 and 13, Table   1 ) the overall leukemic cell survival after 7 days of culture was only marginally improved by BM stroma; the proportions of leukemic blasts recovered were 1.5% and 30.4%. respectively (Table 2) . Thus, some cases of leukemia have survival requirements not met by BM stromal cells.
In three cases (nos. 1.6 , and 8). the numbers of leukemic cells in the BM stromal cultures remained stable for 12, 7, and 6 weeks, respectively, after which time the cultures were deliberately terminated. Cells in culture appeared to be intimately associated with, and in some areas surrounded by, fibroblast-like cells. When leukemic cells were maintained in culture for more than 2 weeks, the stromal cells began to detach and form clumps. In those cases, BM stromal and leukemic cells were collected by vigorous pipetting, passed through a 19-gauge needle, and reseeded onto freshly confluent BM stromal cells. This procedure was repeated every 2 to 3 weeks. In selected cases, additional phenotypic tests were performed. The phenotypic features of case 1 after 8 weeks of culture are illustrated in Fig 4. The leukemic blast cells retained CD19 and CDlO positivity and remained negative for CD13, CD33, and CD3.
Effects of IL-7, FCS, and stromal cell lines on the survival of leukemic B-cell progenitors. Cell loss due to apoptosis was not prevented by adding IL-7 to the tissue culture medium at a final concentration of 25 ng/mL (Figs 1, 3, and 5) . Similarly, addition of either of two different lots of FCS at a final concentration of 10% had no apparent effect on apoptosis in two of three cases studied (nos. 1 and 6, Table  1 ; see also Fig 5) . These preparations were selected from 12 different lots and had the lowest (FCS 'A') and the highest (FCS 'B) spontaneous mitogenic activities when tested with PB lymphocytes (data not shown). FCS 'A' is currently used in our laboratory for colony assays with normal myeloid and erythroid cells. In a third case (no. 7, Table l), the addition of FCS to the tissue culture medium had a noticeable effect on the blast cells' survival. The proportions of cells recovered after 7 days of culture with FCS 'A' and FCS ' B in this case were 22.9% and 97.3%, respectively (Fig 5) .
Finally, we tested the ability of cell lines to substitute for human allogeneic BM stromal cells. Irradiated or nonirradiated murine BM stromal M2-10B4 cells were used in four cases (nos. 1,6, 8, and lo), human fibroblastic W18Va2 in two (nos. 1 and 8), and human BM stromal KM-102 in two (nos. 6 and 8). In all experiments, the cell lines failed to sustain the viability of leukemic cells, and after 7 days of culture the number of leukemic cells recovered was invariably less than 20% of that origbrally seeded. These findings confirm the specificity of the activity of nontransformed BM stromal cells. Moreover, cell lines used as a 'feeder layer' appeared to be more susceptible to detachment from the bottom of the wells after leukemic cells were seeded than did the allogeneic BM stromal cells. In two of the four experiments performed with the M2-10B4 line, and in one of the two performed with the W18Va2 line, feeder layers had partially detached after 7 days of culture.
DISCUSSION
Hematologists have long been frustrated by the difficulty of culturing blast cells freshly taken from cases of B-lineage ALL. We first addressed this issue by attempting to maintain leukemic cells in culture using serum-free tissue culture medium that had proved suitable for sustaining the growth of cell lines and lymphoid proliferation after mito- For personal use only.
on July 9, 2017. by guest www.bloodjournal.org From Table 1 are clear. First, the cells counted are phenotypically characterized and no irrelevant cells (eg, T lymphocytes) are included. Second, even minor morphologic changes that accompany apoptosis can be detected, and cells with such features can be excluded from the c o~n t .~* ,~~ In contrast to findings by Umiel et aP4 that only autologous BM stromal cells would support B-lineage leukemic progenitors, our allogeneic system supported leukemic cells for over 12 weeks. However, we cannot exclude the possibility that extended survival (eg, > 10 months) may require autologous feeder layers, as reported by Umiel et The observation that IL-7 did not improve the survival of leukemic blasts may be confusing in view of recent reports indicating that this cytokine is not only a primary growthpromoting factor for normal murine35 and human36 B-cell progenitors, but it can also stimulate thymidine incorporation in some cases of B-lineage ALL.12-14 For instance, increased DNA synthesis was reported by Eder et all2 in 3 of 10 B-lineage PLLL cases cultured for 7 days in the presence of IL-7, and by Masuda et all3 in two of seven cases cultured with IL-7 for 3 days. However, in the first study, Eder et a1 reported a drastic reduction in cell numbers (80% in some experiments) despite the presence of IL-7. These results suggest different mechanisms of leukemic cell survival and proliferation. It remains to be tested whether the addition of IL-7 would stimulate the expansion of the leukemic cell population in the presence of BM stroma, as observed with murine pro-B-cell clones. 37 BM stromal cells synthesize several cytokines, including transforming growth factor+ (TGF-P), colony-stimulating For personal use only. on July 9, 2017. by guest www.bloodjournal.org From factor-1 (CSF-l), IL-6, IL-7, and "stem-cell factor" (SCF),38-40 and appear to provide optimal support for the growth and differentiation of immature B cells.16-1s,3744 In the present study, we did not address whether the beneficial action of BM stromal cells on B-lineage leukemic cells was mediated through soluble factors or cell-cell contact. In preliminary experiments, we found that the survival of leukemic blasts on polycarbonate filters was better overall if the filters were placed in wells containing BM stromal cells. In some cases, close proximity between the ALL cells and stroma was necessary for long-term maintenance in culture (A. Manabe, D. Campana, unpublished observations). Thus, B-lineage leukemic progenitors appear to have heterogeneous survival requirements, as also demonstrated by the variable response to different batches of FCS.
BM stroma is a complex structure composed of different cell
In our study, established human fibroblastic and BM stromal cell lines were not suitable to support B-lineage ALL cells, although the latter cells and their conditioned medium can support granulo-monocytic and erythroid colonies.2z Preliminary results of studies to test the activity of BM stromal cells prepared in the absence of hydrocortisone and containing no adipocytes showed that this system would support B-lineage leukemic cells, but not as well as the "classical" BM stromal cells (A. Manabe, D. Campana, unpublished observations). Earlier reports indicating the possibility of using murine cells to support the growth of human cell as well as the documented feasibility of engrafting immune-deficient mice with cells from selected cases of human l e~k e m i a , 4~,~~ prompted us to test the effects of the M2-10B4 murine BM stromal line. However, despite the ability of this line to support the growth of murine pre-B cells,21 it failed to sustain the survival of human leukemic cells in our system. Hence, we are still uncertain as to the stromal cell types that contribute most to the survival of leukemic B-cell progenitors.
In general, it was not possible to correlate the phenotypic features of the leukemic cells with their ability to survive in culture. Among the cases in which BM stromal cells provided critical survival support, the blast cells represented a spectrum of maturational levels and cytogenetic changes. Notable exceptions were two cases of hyperdiploid (>50) ALL with identical karyotypes that could not be maintained with stromal cells. This finding is consistent with the exquisite chemosensitivity of such leukemias45 and parallels the observation of a lower 'plating efficiency' for hyperdiploid B-lineage ALL in colony However, there was one other hyperdiploid case in which the blast cells survived well on stromal feeder layers (no. 10, Tables 1  and 2 ). We speculate that the assessment of leukemic blast cell survival in vitro, using the system described in this report, may show how individual cases resist adverse conditions and thus could provide important prognostic information.
The reproducibility of our system is facilitated by the commercial availability of serum-free and cytokine-free tissue culture medium sufficient to sustain mammalian cell growth. The success of the method appears independent of the source of BM stromal cells, because no differences in capacity to support cell survival were apparent among the five different allogeneic stromal preparations tested. This approach can now be used to identify similarities and discrepancies between the survival requirements of normal and malignant B cells.36 In addition, the molecules involved in the interaction between BM stromal and leukemic cells can be studied, by assessing, for instance, cell survival after the addition of antibodies against cell surface antigens and cytokines. Definition of the factors that determine leukemic cell survival would have both theoretical and practical implications. For example, the reliability of currently used drug-sensitivity assays is limited by the massive leukemic cell death that occurs even in the absence of d r~g s . 4~ The techniques established in this study appear eminently suitable for such assays. For personal use only. on July 9, 2017. by guest www.bloodjournal.org From
